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To assess the effect of heart rate adjustment of the magnitude of 
the ST integral (ST -HR integral) on exercise test performance, the 
exercise electrocardiogram (ECG) of 50 clinically normal subjects 
and 100 patients with known or suspected coronary artery disease 
was analyzed. At matched specificity of 96% with standard ECG 
criteria (;:::0.1 mV of additional horizontal or downsloping ST 
segment depression), an unadjusted ST integral partition of 
16 p.V-s identified coronary disease in the 100 patients with known 
or suspected disease with a sensitivity of only 41%, a value 
significantly lower than the 59% sensitivity of standard ECG 
criteria (p < 0.01) and the 65% sensitivity of an ST depression 
partition of 130 p.V (p < 0.001). 
However, test performance of the ST integral was greatly 
improved by simple heart rate adjustment: at a matched speci-
ficity of 96%, an ST-HR integral partition of 0.154 p.V-s/beat per 
min identified coronary disease in the 100 patients with a sensi-
Standard exercise electrocardiographic (ECG) criteria based 
on the magnitude, time course and configuration of ST 
segment depression have poor sensitivity and suboptimal 
specificity for the detection of coronary artery disease (1 ,2). 
Estimation of the total area of repolarization abnormality by 
the time-voltage integral of ST segment depression (the ST 
integral) has been proposed to improve the performance of 
criteria based on the magnitude of ST depression at a single 
measurement point for the exercise ECG identification of 
coronary obstruction (3). However, accuracy of the ST 
integral for the detection of coronary disease has varied in 
subsequent reports (4-8). 
The magnitude of the ST integral has been shown to 
correlate with changes in heart rate during exercise in 
normal subjects (5,9) and to improve the detection of coro-
nary disease when compared with the magnitude of the ST 
integral at similar heart rates in normal subjects (9). Because 
heart rate adjustment of measured ST segment depression 
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tivity of90%, a value significantly greater than the 59% sensitivity 
of standard criteria and 65% sensitivity of ST depression criteria 
(each p < 0.001) and similar to the 91% sensitivity of the ST-HR 
index and 93% sensitivity of the ST-HR slope (each p = NS). 
Comparison of receiver-operating characteristic curves confirmed 
the superior overall test performance of the ST-HR integral 
relative to the ST integral and ST segment depression, and 
demonstrated improved performance that was comparable with 
that of the ST-HR index and the ST-HR slope. 
These findings support the value of heart rate adjustment of 
end-exercise repolarization changes during exercise electrocardio-
graphy and demonstrate that this approach significantly improves 
the performance of the ST integral in identifying coronary artery 
disease. 
(JAm Coli Cardio/1991;18:1487-92) 
can improve test accuracy for identification of coronary 
disease (10-21), the purpose of this study was to assess the 
ability of heart rate adjustment to improve the performance 
of the ST integral in detecting significant coronary obstruc-
tion; the ST integral, alone and after heart rate adjustment, 
was compared with standard and recently described heart 
rate-adjusted criteria based on measurement of ST segment 
depression. 
Methods 
Study patients. One hundred fifty consecutively studied 
subjects and patients who met the criteria to be described were 
entered into one of three clinical groups, one with a low 
likelihood of coronary disease and two with a high (or certain) 
likelihood of disease. All subjects and patients were assigned 
to one of the clinical groups before examination of the 
exercise ECG and no study was excluded after group assign-
ment. None of the normal subjects or patients in this report 
were included in the groups from which test criteria for the 
ST segment-heart rate (ST-HR) slope and ST-HR index were 
derived and their performance for the identification of coro-
nary disease was described (19). However, a subset of this 
population was included in a recent study (20) that examined 
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the effect of the timing of ST segment measurement relative 
to the J point on test performance of ST depression criteria. 
Normal subjects (Group 1). There were 50 normal sub-
jects, 40 men and 10 women with a mean age (±SD) of 48 ± 
10 years. There were no volunteer subjects in this group, and 
each was referred by a physician for exercise electrocardio-
graphy as part of a comprehensive screening evaluation or as 
a precautionary evaluation before beginning an exercise 
program. All subjects were free of chest pain, had no history 
of cardiac disease, were not taking medications, had a 
normal cardiac physical examination, normal blood pressure 
and normal rest ECG. In addition, all subjects were free of 
chest pain during treadmill exercise. On the basis of data of 
Diamond and coworkers (22,23), the age- and gender-
adjusted likelihood of coronary disease in this asymptomatic 
group can be estimated as ::::0.05. 
Patients with clinical angina (Group 2). There were 60 
patients with clinical angina in this group of 35 men and 25 
women with a mean age of 62 ± 9 years. Each was referred 
by a physician for exercise electrocardiography to evaluate 
clinically stable retrosternal chest discomfort that was con-
sistently provoked by exertion and relieved by rest. In 
addition, all patients in this group developed typical chest 
discomfort during treadmill exercise. Patients with left bun-
dle branch block or myocardial infarction within 8 weeks 
were not included. Five patients had rest ECG evidence of a 
previous Q wave myocardial infarction, and six patients had 
ECG evidence of left ventricular hypertrophy. There were 
33 patients who were not taking medications; among the 
remaining 27 patients, 14 were taking a beta-adrenergic 
blocking drug, 10 were taking nitrates and 13 were taking a 
calcium channel blocker at the time of exercise testing. The 
age- and gender-adjusted likelihood of coronary disease in 
this group can be estimated as :::::0.93 (22,23). 
Patients with catheterization-proved coronary disease 
(Group 3). There were 40 patients with coronary disease 
proved by catheterization. This group included 33 men and 7 
women with a mean age of 59± 10 years. All patients in this 
group had stable, effort-related chest pain that was relieved 
by rest, and each patient was referred by a physician for 
exercise testing and coronary arteriography. Patients with 
left bundle branch block or recent myocardial infarction 
were excluded. Three patients had ECG evidence of previ-
ous Q wave myocardial infarction, and seven had evidence 
of left ventricular hypertrophy. Twelve patients were taking 
no medications; among the remaining 28 patients, 19 were 
taking a beta-blocker, 12 were taking nitrates and 17 were 
taking a calcium channel blocking drug at the time of 
exercise evaluation. 
Exercise electrocardiography. Exercise ECGs were per-
formed on a treadmill with use of a Quinton Instrument 
Q5000 exercise system modified by the addition of a bipolar 
lead CM5. All patients exercised according to the Cornell 
protocol (24,25) and an age-adjusted target heart rate was 
sought as the exercise end point for all studies. In addition, 
computer-calculated ST segment amplitude, measured to the 
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nearest 10 p, V at a point 60 ms after the J point with the end 
of the PR segment as a reference, was obtained in each lead 
after each stage of exercise and at peak exercise; the 
accuracy of this measurement has been previously validated 
in our laboratory (26). 
Exercise tests were evaluated with use of standard ECG 
criteria based on the measured amount of ST segment 
depression on the peak exercise ECG (19). The test was 
considered positive in the presence of 0.1 mV (100 p,V) of 
additional horizontal or downsloping ST segment depres-
sion. It was considered negative in the presence of any 
amount of upsloping ST segment depression or <0.1 m V of 
additional horizontal or downsloping ST segment depression 
at end-exercise (19,27). For determination of both standard 
and heart rate-adjusted criteria, only ST segment depression 
was used; all ST segment elevation was normalized to the 0 
baseline, as previously described (27 ,28). 
ST-HR slope and ST-HR index calculation. The maximal 
ST segment-heart rate (ST-HR) slope was calculated on the 
Q5000 system by linear regression analysis to relate the 
measured amount of ST segment depression in each lead 
(except a VR, a VL and V 1, which were excluded from all 
analyses) to the heart rate at the end of each stage of exercise 
and at peak exercise, according to previously reported 
methods (12,19,26,28). All ST segment measurements were 
taken 60 ms after the J point. After the maximal ST-HR slope 
in each lead was calculated, the highest ST-HR slope with a 
significant coefficient of correlation among all the leads was 
taken as the test result, reported as p, V /beat per min. The 
ST-HR index, also reported as p,V/beat per min, was calcu-
lated by dividing the maximal additional ST segment depres-
sion at end-exercise (corrected for any rest ST segment 
depression in that lead on the upright pre-exercise control 
ECG) by the exercise-induced change in heart rate 
(15,16,19,28). 
ST integral calculation. The ST integral was calculated on 
the Q5000 exercise system in a manner similar to the method 
of Sheffield et a!. (3). The ST integral was calculated as the 
time-voltage integral (in p,V-s) of ST segment depression 
between 0 and 80 ms after the J point or until the ST segment 
crossed the isoelectric baseline if this occurred before 80 ms 
after the J point. If there was no ST depression or if ST 
segment elevation was present, the ST integral was set equal 
to 0. The maximal ST integral was defined as the difference 
between the ST integral at peak exercise minus the ST 
integral in that lead on the upright pre-exercise control ECG. 
The heart rate-adjusted ST integral (ST-HR integral, in 
p, V -slbeat per min) was calculated by dividing the maximal 
additional ST integral at end-exercise by the exercise-
induced change in heart rate. 
Coronary angiography. In the group with catheterization-
proved coronary disease (Group 3), selective coronary cine-
angiography was performed with the Judkins technique, with 
multiple views obtained in all patients. The films were 
interpreted separately from the original clinical report, spe-
cifically for study purposes, by a single experienced angiog-
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Age (yr) 48 ± 10 
Male/female ratio 40/10 
Exercise duration (min) 17.5 ± 3.1 
Proportion of target HR achieved (%) 94 ± 7 
Peak HR (beats/min) 165 ± 13 
Peak systolic BP (mm Hg) 183 ± 17 
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Group 2 Group 3 
(60 patients with p ( 40 patients with p 
clinical angina) Valuet CAD by Cath) Valuet 
62 ± 9 NS 59± 10 <0.001 
35/25 <0.05 33/7 NS 
12.1 ± 3.5 NS 10.5 ± 3.6 <0.001 
80 ± 13 <0.001 68 ± 9 <0.001 
135 ± 22 <0.001 177 ± 16 <0.001 
177 ± 28 <0.001 156 ± 26 <0.001 
5.01 ± 2.93 <0.001 9.37 ± 5.62 <0.001 
*Group I versus Group 2; tGroup 2 versus Group 3; tGroup I versus Group 3. Data are mean values ± SO. BP =blood pressure; CAD= coronary artery 
disease; Cath = cardiac catheterization; HR = heart rate; ST-HR = ST segment-heart rate. 
rapher using calipers without knowledge of clinical or exer-
cise test data, as previously reported in detail (15,19). 
Degree of stenosis was defined as the greatest percent 
reduction of luminal diameter in any view as compared with 
the nearest normal segment. For classification of the number 
of obstructed coronary arteries, disease was considered 
significant when 50% luminal obstruction was present. Left 
main coronary artery narrowing ::::50% was scored as the 
equivalent of two-vessel disease (15, 19). According to these 
criteria there were 3 patients with one-vessel disease, 10 
patients with two-vessel disease and 27 patients with three-
vessel disease. Five patients had left main coronary disease, 
including one with additional two-vessel disease and four 
with additional three-vessel disease. 
Data analysis and statistical methods. Definitions of test 
sensitivity and specificity conform to standard use (29). Test 
specificity for each method was defined in the 50 clinically 
normal subjects (Group 1). Because of the highly referred 
nature of our angiography population, and the known and 
potential effects of referral bias on selection for angiography 
(30,31), test sensitivity was assessed in all 100 patients with 
known or suspected coronary disease (Groups 2 and 3). 
Comparison of test sensitivity of standard test criteria, ST 
segment depression at peak exercise, the ST-HR index, the 
ST-HR slope and simple and heart rate-adjusted ST integral 
criteria was performed using partitions for each criterion that 
produced a matched specificity of 96% with that found for 
standard criteria, using McNemar's modification of the 
chi-square method for paired proportions. Because sensitiv-
ity and specificity of a test are dependent on the partition 
value chosen for test positivity, test accuracy of the ST 
integral, the ST-HR integral, ST segment depression, the 
ST-HR index and the ST-HR slope were also compared 
using receiver-operating characteristic curve analysis. These 
curves were compared statistically by means of a univariate 
Z score test of the difference between the areas under two 
curves (32). 
Because the accuracy of both standard and heart rate-
adjusted ST segment criteria have been shown to vary with 
the time of ST depression measurement relative to the J 
point (20,21), the exercise test data of all 50 subjects and 100 
patients were reanalyzed on a Quinton Instrument Q5000 
Workstation with ST segment depression remeasured at 0 
and 80 ms after the J point in each lead at peak exercise (20). 
The relation of end-exercise ST integral measurements to ST 
segment depression measurements at 0, 60 and 80 ms after 
the J point was determined by linear regression analysis. 
Coefficients of correlation (r) and slopes were calculated for 
each relation, and were compared statistically by using a 
two-tailed Fisher's Z transformation (33). 
Mean values for all findings are reported with the stan-
dard deviation as the index of dispersion. Comparison of 
mean values between and among groups was performed by 
one-way analysis of variance, with posthoc testing of indi-
vidual group differences by Scheffe's method. Subgroup 
proportions were compared by chi-square analysis with 
correction for continuity. For all comparisons, a p value 
<0.05 was required for rejection of the null hypothesis. 
Results 
Group characteristics and exercise performance (Table 1). 
Normal subjects were younger, exercised longer, achieved a 
higher heart rate and greater peak systolic blood pressure 
and had a lower mean ST-HR slope than did patients with 
typical angina or patients with proved coronary artery 
disease. Among patients with known or suspected coronary 
disease, patients referred for angiography and found to have 
coronary disease (Group 3) were more commonly men, and 
achieved lower values for maximal heart rate, peak systolic 
blood pressure and percent of target heart rate and a higher 
value for mean ST-HR slope than did patients with typical 
angina (Group 2). However, gender distribution was similar 
in clinically normal subjects and in patients with coronary 
disease at angiography, and patients with coronary disease 
were similar to patients with clinical angina with respect to 
age and exercise duration. 
Among all patients and subjects, there was a strong 
relation between the maximal ST integral and maximal ST 
segment depression measured at 60 ms after the J point (r = 
0.97, p < 0.001). In contrast, the correlation was signifi-
cantly lower between the maximal ST integral and exercise-
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Table 2. Test Sensitivity of Standard and Heart Rate-Adjusted ST Integral and ST Depression 
Criteria for the Identification of Coronary Artery Disease at Partitions With Matched Specificity 
of96% 
Sensitivity p vs. ST p VS. ST-HR 
Criteria Partition (%) Integral Integral 
Standard ECG 0.1 mV 59 <0.01 <0.001 
ST segment depression 130 JLV 65 <0.001 <0.001 
ST integral 16JLV-s 41 <0.001 
ST-HR integral 0.154 JLV-s/beat per min 90 <0.001 
ST-HR index 1.41 JLV/beat per min 91 <0.001 NS 
ST-HR slope 2.08 JLV/beat per min 93 <0.001 NS 
ECG = electrocardiogram; ST-HR = ST segment-heart rate. 
induced ST depression measured at the J point (r = 0.83, 
p < 0.001) or at 80 ms after the J point (r = 0.92, p < 0.001; 
each p < 0.001 vs. correlation with ST depression at 60 ms 
after the J point). There was a weak but statistically signif-
icant correlation between the ST integral and the change in 
heart rate during exercise among clinically normal subjects 
(r = 0.30, p < 0.05; slope = 0.084) and a similar weak 
correlation among patients with known or suspected coro-
nary disease (r = 0.23, p < 0.05; slope= 0.107, p = NS vs. 
clinically normal subjects). 
Identification of coronary artery disease by ST integral and 
standard ECG criteria (Table 2). A positive exercise ECG 
according to standard criteria had a specificity of 96% (48 of 
50) in normal subjects and a sensitivity of 59% (59 of 100) in 
patients with known or suspected coronary disease. At a 
matched specificity of 96%, an ST integral partition of 
I611-V-s had a sensitivity of only 41% (41 of 100), which was 
significantly lower than the 59% sensitivity of standard 
criteria (p < 0.01) and the 65% (65 of 100) sensitivity of an ST 
depression partition of 130 11-V (p < 0.001). Relative test 
performance of the ST integral was not improved by using 
criteria derived from previous studies (3,6,34,35): an ST 
integral partition of 7.5 11-V -s had a specificity of 66% (33 of 
50) and a sensitivity of 86% (86 of 100), whereas an ST 
integral partition of 10 11-V -s had a specificity of 82% ( 41 of 
50) and a sensitivity of 69% (69 of 100); each sensitivity was 
significantly lower than the 96% (96 of 100, p < 0.005) 
sensitivity and 80% (80 of 100, p < 0.005) sensitivity of 
simple ST depression at matched specificities. Comparison 
of receiver-operating characteristic curves confirmed the 
superior overall test performance of simple ST depression 
alone, measured 60 ms after the J point, relative to the ST 
integral (Fig. 1). 
Heart rate adjustment of the ST integral and ST segment 
depression (Table 2). The effects of heart rate adjustment of 
the ST integral and the magnitude of ST segment depression 
on test performance for the identification of coronary artery 
disease were examined (Fig. 1). Test performance of ST 
integral measurement was improved by heart rate correc-
tion: at a matched specificity of 96% in normal subjects, the 
rate-corrected ST-HR integral partition of 0.154 11-V-s/beat 
per min identified coronary disease with a sensitivity of 90% 
(90 of 100), which was significantly higher than the 41% 
sensitivity of the simple ST integral alone and the 65% 
sensitivity of ST depression alone (each p < 0.001). Com-
parison of receiver-operating characteristic curves con-
firmed the superior overall test performance of the ST-HR 
integral as compared with that of either the ST integral alone 
or ST depression (Fig. 1). At matched specificity of96%, test 
sensitivity of an ST-HR slope partition of 2.08 11-V/beat per 
min (93%, 93 of 100) and a simple ST-HR index partition of 
l.41JLV/beat per min (91%, 91 of 100) were similar to that of 
the ST-HR integral (each p = NS). Although comparison of 
receiver-operating characteristic curves for the entire range 
of test specificities demonstrated no significant difference in 
overall performance of the ST-HR integral or ST-HR slope 
or ST-HR index for the identification of coronary disease 
(Fig. 1), comparison of partial receiver-operating character-
istic curve areas over the clinically relevant range of speci-
ficity from 90% to I 00% revealed a trend toward superior 
Figure 1. Receiver-operating characteristic curves comparing the 
overall performance of the time-voltage integral of ST segment 
depression (the ST integral), ST segment depression, the ST seg-
ment-heart rate (ST-HR) integral, the ST-HR index and the ST-HR 
slope for the identification of coronary artery disease. *p < 0.001 
versus ST segment depression, ST-HR integral, ST-HR index and 
ST-HR slope; #p < 0.001 versus ST integral, ST-HR integral, 
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perlormance of the ST-HR slope (partial area 0.94 vs. 0.85, 
p = 0.06) and the ST-HR index (partial area 0.92 vs. 0.85, 
p = 0.09) as compared with the ST-HR integral. 
Discussion 
These data demonstrate that the ST integral alone, with-
out heart rate adjustment, can degrade the perlormance of 
the exercise ECG relative to standard ST segment depres-
sion and configuration criteria. However, simple heart rate 
adjustment of the ST integral significantly improves its 
perlormance for the identification of coronary artery dis-
ease, with accuracy approaching that of both simple and 
regression-based heart rate-adjusted ST segment criteria. 
These findings provide further strong support for the value of 
heart rate adjustment of repolarization measurements in 
diagnostic exercise electrocardiography. 
ST integral and ST segment depression. The present data 
support previous findings (5,6) that ST integral criteria alone 
do not improve the perlormance of ST segment depression 
criteria for identification of coronary obstruction during 
exercise. Simoons (5) reported that the ST integral in Frank 
lead X had a sensitivity of 58% and a specificity of 94% for 
the detection of coronary disease, values that are slightly 
lower than the 63% sensitivity and 95% specificity of ST 
depression measured at 60 ms after the J point. Similarly, 
Ascoop et al. (6) found that sensitivity of the ST integral 
varied between 32% and 49% at specificities greater than 
90%, whereas simpleST depression criteria had sensitivities 
of 44% to 67% at similarly high specificities. Using slightly 
different ST integral and ST depression measurement tech-
niques based on time after the peak of the R wave, Sketch et 
al. (7) also found that the ST integral provided no improve-
ment in accuracy for the detection of coronary artery disease 
over visual assessment of the magnitude of ST segment 
depression. 
Heart rate adjustment of ST integral and ST segment 
depression. Because the ST integral was found to have a 
linear correlation with increasing heart rate during exercise 
in normal subjects (9), Simoons (5) adjusted the magnitude of 
the ST integral at peak exercise for the magnitude of the ST 
integral in normal subjects at similar peak exercise heart 
rates. This method of adjusting the ST integral to account for 
changes in heart rate improved sensitivity of the ST integral 
for coronary disease from 58% to 81% with essentially no 
loss of specificity, but differs distinctly from the heart rate 
correction method of the present study. The present method 
of simple heart rate (HR) correction of the ST integral is 
analogous to that used for the simple ST-HR index and 
results in similarly improved test perlormance relative to 
unadjusted ST integral measurements. Although sensitivity 
of the ST-HR integral was nearly identical to that of the 
ST-HR index and more complex ST-HR slope at matched 
specificity of 96%, and although overall receiver-operating 
characteristic curves were similar for the three methods, 
comparison of test perlormance between the heart rate-
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adjusted ST depression and ST integral criteria over the 
clinically relevant range of test specificity from 90% to 100% 
demonstrated a trend toward superior accuracy of criteria 
based on ST segment depression rather than on the ST 
integral. 
The differences in test perlormance between ST integral 
and ST depression measurements may be in part accounted 
for by the incorporation of J point and 80 ms after the J point 
ST segment measurements into determination of the ST 
integral (20,21,27). Recent studies have demonstrated that 
ST depression measured at the J point (20,21) and at 80 ms 
after the J point (20) significantly reduce the perlormance of 
both simple and heart rate-adjusted ST segment depression 
criteria for the detection of coronary disease. Although the 
ST integral was found to correlate strongly with ST mea-
surements made at 60 ms after the J point, the integration of 
ST segment depression between 0 and 80 ms after the J point 
appears to decrease the discriminatory power of the ST 
integral method relative to ST segment depression alone 
when measured at 60 ms after the J point. Further study is 
necessary to assess whether redefinitions of the ST integral 
that exclude ST measurements made at the J point and 80 ms 
after the J point improve the perlormance of this method. 
Clinical implications. Several large cooperative studies 
have demonstrated that the ST integral method in conjunc-
tion with (34,35) or independent of (36,37) a positive test 
response by standard ECG criteria can stratify the risk of 
future cardiac events. The present study, taken together 
with the recent finding that simple heart rate adjustment of 
ST segment depression more accurately stratifies the risk of 
future coronary events than do standard ECG criteria (38), 
suggests that the diagnostic and prognostic accuracy of the 
ST integral method may be improved by heart rate correc-
tion of the magnitude of the end-exercise ST integral. The 
simplicity of this type of heart rate correction lends itself to 
potential retrospective analysis of standard data bases that 
have measured the ST integral. 
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